In this chapter a novel and versatile design of DNA-lipid conjugates is presented. The assembly of the DNA headgroups into Gquadruplex structures was found to be essential for the formation of micelles and their stability. We showed that the release of a cargo from the hydrophobic core of the micelles could be triggered by destabilization of the G-quadruplex. In fact, in the presence of its complementary strand the oligonucleotide headgroup hybridized into a duplex structure, leading to micelle disruption. 
Introduction
The molecular-recognition properties and polymorphisms of nucleic acids make them ideal scaffolds for the design of complex supramolecular structures that allow for control over composition, structure and function. [1] [2] [3] [4] [5] . In particular, the bioconjugation of oligonucleotides with lipids represents a fascinating approach to merge the programmability of DNA and the self-assembly properties of amphiphiles. Due to their interesting properties, hybrid Lipid-Oligonucleotides (LONs) represent an attractive approach to enhance the cellular uptake of oligonucleotides in vivo.
Several strategies have been used to functionalize DNA with hydrophobic moieties, such as polymers or lipids. 6 DNA amphiphiles in solution are able to self-assemble into different structures such as micelles, aggregates or vesicles. The nature of both the lipid moiety and the oligonucleotide headgroup influences the selfassembly behavior of the surfactant. In particular micellar structures are interesting for biomedical applications due to their small size, high stability and low toxicity. The presence of a DNA headgroup is advantageous since it allows for controlling the assembled structure by means of enzymatic reactions 7 or hybridization with a complementary strand. 8 In addition to the well-known double helix conformation, DNA is also able to fold into non-canonical structures such as G-quadruplexes, i-motifs and A-motifs. [9] [10] [11] Among these, G-quadruplexes (G-4s) are of particular interest because of their well-defined conformation, high stability and versatility. 9, 12 G-4s are composed of planar guanine tetrads that are able to accommodate small molecules via π-π stacking interactions [13] [14] [15] and recent studies have linked the formation of G-4s in vivo to be relevant for biological processes, such as gene transcription and telomerase inhibition. 16 Inspired by the hierarchical self-assembly of the G-4s many research groups have exploited these non-canonical structures as scaffolds for the development of new biomolecular systems with different applications, such as sensing, 17, 18 catalysis, 19, 20 energy transfer 21, 22 or as potential nanostructures for drug delivery. 23 In view of the supramolecular properties of G-4s, we envisioned that the introduction of a G-4 scaffold in the hydrophilic headgroup of a surfactant could be advantageous to control its self-assembling properties.
In a recent report Wilner et al. engineered lipid micelles with a 2'OMe RNA sequences able to self-assemble in G-4 structures. 23 These micelles displayed high stability and allowed for the controlled release of a cargo upon destabilization of the quadruplex with an antisense RNA oligonucleotide. Recently, Barthélémy et al showed that the modification of G-4 forming oligonucleotides with a lipid tail increases the propensity of G-4 formation. 24 
Aim
In this study, we present a novel design of DNA G-4 based micelles, in which the assembly of the headgroup in a G-4 proved to be crucial for the self-aggregation of these amphipiles into micelles. Modulation of micelle stability can be achieved by introduction of a complementary oligonucleotide that hybridizes with the lipid headgroup, unfolding the G-4 and leading to the release of a dye ( Figure 1 ). Figure 1 . Schematic representation of G-4 micelle assembly and destabilization. At high K + concentrations, the G-rich sequence adopts a tetramolecular parallel G-4 conformation. The resulting amphiphile is able to self-assemble in solution, forming stable micelles. Upon addition of a complementary strand the micelles are disrupted, leading to release of the encapsulated dyes.
Design
Our design relies on a commercially available 5'-amino-modified DNA strand, that was subsequently conjugated on the 5'-terminus to lipophilic tails of different length (C12-C18:1).
In presence of K + , the short G-rich DNA oligonucleotide assembled into a parallel G-4, bringing the four hydrophobic tails in proximity and forming the surfactants that, once in solution, self-organize into stable micelles.
Results and discussion

Synthesis and characterization of the DNA-lipids conjugates
The DNA-lipids were synthesized by reaction of the activated Nhydroxysuccinimide (NHS) esters of carboxylic acid of different lengths with the 5'-amino-modified oligonucleotide (Scheme 1). As a negative control we also synthesized oligonucleotide-lipids that are unable to assemble into a G-4 structure (5'-TTTTT-3'). After purification by reversedphase HPLC, the conjugates were characterized by UPLC-MS (Table 2) . subsequently analysed by CD spectroscopy to confirm the formation of G-4 ( Figure 3a ). The CD spectra of the oligonucleotide-lipids showed a positive band at 260 nm and a negative band at 240 nm, characteristic of a tetramolecular parallel G-4. 25, 26 For the control conjugates, a negative band near 250 nm and a positive band near 280 nm were observed, confirming that in this case no G-4 structure was formed.
Next, we set out to study the aggregation behavior of our oligonucleotide-lipid conjugates in solution. Cryo-TEM studies showed that the G-4 surfactants are self-assembling in structures that because of their size can be attributed to micelles (Figure 2a -c). DLS measurements of the C16-GGGTT and C18:1-GGGTT surfactants confirmed the presence of aggregates with 1-3 nm average radius. In contrast, no micellar structures were detected for the conjugates with the 5'-TTTTT-3' sequence ( Figure   2 ), which suggests that either under these conditions micelles are not formed, or they are too small to be observed. This result highlights that the assembly of the oligonucleotide headgroup into a G-4 is important for the self-assembly of the surfactants and hence in favouring micelles formation.
The critical micelle concentration (CMC) of the DNA-lipid conjugates was determined using Nile Red as fluorescent probe. Nile Red has been extensively utilized to monitor the phase behaviour of amphipiles, due to its sensitivity to the polarity of the microenvironment. 27, 28 In particular, Nile
Red shows a consistent change in the maximum of its emission (λmax) at surfactant concentrations above the CMC. By plotting the λmax of Nile Red as a function of the conjugates concentration we were able to estimate their CMC, as shown in Figure 3b . It was observed that the CMC is dependent on the length of the hydrophobic tail of the surfactants. In fact, the CMC of C18:1-GGGTT (1 μM) is one order of magnitude lower than that of C12-GGGTT (10 μM). When comparing DNA-lipids with the same hydrophobic part but different in the hydrophilic headgroup, the G-4
surfactants have lower CMC. This results confirmed that the presence of a G-4 forming sequence in the surfactants headgroup leads to a stabilization of the self-assembly: the CMC is significantly higher when the G-4 is not formed (10 μM for C12-GGGTT; 50 μM for C12-TTTTT). 
Triggered cargo release by destabilization of the G-4
Based on these results we envisioned that destabilization of the G-4
would cause a decrease in the stability of the micelles and potentially to their disruption, allowing the release of a cargo. Toward this end, a new conjugate with a longer oligonucleotide sequence on the 3' terminus ( 
Using native polyacrylamide gel electrophoresis it was confirmed that indeed the presence of a complementary sequence destabilizes the G-4.
In fact the band of C18 formation. 31 In contrast, the modification of the oligonucleotide with lipid tails accelerates the tetramolecular G-4 formation, under the same conditions. 24 The hydrophobic interactions between the lipid tails have a stabilizing effect on the G-4 structure. 
Conclusions
In conclusion, we presented a 
General procedure for CD measurements
The CD measurements were performed after annealing of the samples.
The CD signal was measured in the range between 220 nm and 350 nm in continuous mode. The measured CD spectra were corrected for the concentration of the samples using the following equation:
where is the θ ellipticity in degrees, is the concentration in M and is the path length in cm. 
Critical micellar concentration (CMC) determination
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